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We demonstrate electromagnetically induced transparency (EIT) in a four-level cascade-like sys-
tem, where the two upper levels are Rydberg states coupled by a microwave field. A two-photon
transition consisting of an off-resonant microwave field and an off-resonant optical field forms an
effective coupling field to induce transparency of the probe light. We characterize the Rabi fre-
quency of the effective coupling field, as well as the EIT microwave spectra. The results show that
microwave assisted EIT allows us to efficiently access Rydberg states with relatively high orbital
angular momentum ℓ = 3, which is promising for the study of exotic Rydberg molecular states.
Electromagnetically induced transparency involving
Rydberg states (Rydberg EIT) has opened up new re-
search avenues for Rydberg physics and for nonlinear
optics [1, 2]. Rydberg EIT is an all-optical method to
access the exaggerated properties of Rydberg atoms, and
very well suited to probing the effects of long-range inter-
actions between Rydberg atoms. The extreme sensitiv-
ity of Rydberg EIT to these interactions manifests itself
in fascinating phenomena such as photon blockade and
effective photon-photon interactions, which have direct
applications for deterministic single-photon sources, pho-
tonic quantum gates, and imaging of Rydberg atoms [3–
8]. Furthermore, the simplicity of Rydberg EIT makes it
an excellent platform for all-optical spectroscopy, which
often requires only thermal vapors as atomic sample. It
has been used successfully for measurements of atomic
and molecular transitions, in electrometry of static or
microwave fields, and for polarization measurements of
microwave fields [9–14].
Electromagnetically induced transparency (EIT) usu-
ally involves two electromagnetic fields, probe and cou-
pling [15]. In Rydberg EIT, the probe and coupling fields
couple a ground state to a long-lived Rydberg state via
an intermediate short-lived level in a ladder excitation
scheme [16, 17]. For this reason, Rydberg EIT relies
on nS or nD Rydberg states (with the ground state in
an S state), where n is the principal quantum number.
EIT dark state dressing involving nP Rydberg states has
also been investigated experimentally, where a third res-
onant field (microwave or optical) dresses the EIT dark
state and results in a split transparency resonance for the
probe field [13, 14, 18].
In this letter we demonstrate three-photon EIT in-
volving nP or nF Rydberg states, where two fields, mi-
crowave and optical, are used in a two-photon resonance
configuration via an off-resonant Rydberg state n′D, and
form an effective coupling field for the probe light to prop-
agate without absorption. We achieve large effective cou-
pling Rabi frequencies thanks to the huge electric dipole
matrix elements of the transitions between neighboring
Rydberg states [19]. This report and a related one in
Ref. [20] represent the first use of the large dipole mo-
ments for microwave-optical excitation of Rydberg states.
The transparencies achieved in this experiment are sim-
ilar to that obtained in three-level Rydberg EIT. This
work opens up new opportunities for spectroscopic mea-
surement. For example, with direct excitation of the Rb
nF states, it should be possible to optically detect trilo-
bite Rb2 molecules. In these dimers, one of the two atoms
is in a superposition of the Rb nF state and the higher
angular momentum states of the same n [21]. Further-
more, this work represents important progress towards
using three-photon Rydberg EIT in coherent microwave-
optical frequency conversion [22, 23].
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FIG. 1. (a) Relevant energy levels of 87Rb and dipole coupled
transitions. The microwave transition in the EIT pathway
to the 31P3/2 state is indicated by a black solid arrow, and
by a dashed arrow for EIT to the 29F7/2 state. (b) and (c)
EIT spectra versus ∆P for the 31P3/2 and 29F7/2 states, re-
spectively. In (b), the microwave field Rabi frequencies of
the different spectra are ΩM/2π = 6.7 MHz (solid line), and
24.8 MHz (blue dotted line). In (c), the microwave field Rabi
frequencies are ΩM/2π = 6.7 MHz (solid line), and 16.7 MHz
(blue dotted line). The dashed lines are simulated spectra
from Maxwell-Bloch’s equations based on four-energy-level
atoms.
The excitation scheme is shown in Fig. 1(a). A weak
probe field P, a relatively strong optical field S, and a
microwave field M couple with three consecutive electric
dipole transitions of 87Rb atoms, |1〉 → |2〉, |2〉 → |3〉,
and |3〉 → |4〉, where |1〉 ≡ |5S1/2, F = 2,mF = 2〉,
2|2〉 ≡ |5P3/2, F = 3,mF = 3〉, |3〉 ≡ |30D5/2,mJ = 5/2〉,
and state |4〉 stands either for |31P3/2,mJ = 3/2〉, or for
|29F7/2,mJ = 7/2〉. The wavelengths of the P and S
fields are λP ∼ 780 nm and λS ∼ 482 nm, respectively,
whereas the microwave frequency is ∼ 84 GHz for the
excitation to |31P3/2,mJ = 3/2〉, and ∼ 90.5 GHz for the
excitation to |29F7/2,mJ = 7/2〉. The Rabi frequency
of the field S is kept constant in this experiment, with
a value of ΩS/2π = 30 ± 2 MHz. We blue-detune the
field S for exciting the |31P3/2,mJ = 3/2〉 state (∆S =
32 MHz) and red-detune it for |29F7/2,mJ = 7/2〉 (∆S =
−32 MHz). The detuning of the microwave field M is
positive in both cases, as it is adjusted to drive the two-
photon transition |2〉 → |4〉 resonantly.
The experimental apparatus and various methods for
parameter calibrations have been described in Refs.
[23, 24]. In short, a Gaussian-distributed atomic cloud,
with temperature T ∼ 50 µK, 1/e2 radius wz ∼ 1.2 mm,
and peak atomic density n
(0)
at = 1.9× 10
10 cm−3, is pre-
pared in state |1〉 by optical pumping. The cloud is
then illuminated for 1 ms with the microwave and op-
tical fields. The P and S Gaussian fields of σ+ polar-
ization counterpropagate along the quantization axis z,
and are focused on the atomic cloud with beam waists
of 25 µm and 54 µm, respectively. The microwave field
is emitted from the side, perpendicularly to z, and is of
equal superposition of σ+ and σ− polarizations. How-
ever, the presence of an applied magnetic field of 6.1 G
along z to split the Zeeman sublevels, and the choice of a
positive detuning ∆M > 0, ensure that the weak transi-
tions which couple to the σ− microwave field component
are sufficiently off-resonance [25]. The spectra of the P
field power PP transmitted through the atomic cloud are
recorded with a photomultiplier tube (Hamamatsu R636-
10). They are obtained by continuously scanning either
the P field detuning ∆P or the M field detuning ∆M dur-
ing the 1 ms time window. The P field transmission spec-
tra are then plotted as PP /P
(0)
P , where P
(0)
P = 0.13 nW
is the input P field power.
A selection of transmission spectra versus ∆P are
shown in Fig. 1(b), for which |4〉 ≡ |31P3/2,mJ = 3/2〉.
The EIT peak is positioned at the center of the broad ab-
sorption profile, caused by spontaneous decay from state
|2〉 with rate Γ = 2π × 6.07 MHz. The detuned S and
M fields induce AC Stark shifts for the levels |2〉 and |4〉,
shifting both the central position of the absorption pro-
file and the microwave frequency at which EIT occurs. In
condition of near two-photon resonance, those two shifts
are δ2 ≈ Ω
2
S/4∆S and δ4 ≈ Ω
2
M/4∆S, respectively, and
the EIT is obtained when ∆P + ∆S − ∆M − δ4 ≈ 0,
as shown further below. Thus, in each of the spectra
displayed in Fig. 1(b), the detuning ∆M is slightly read-
justed to position the transparency peak at the center
of the absorption profile. Similar results are obtained
when |4〉 ≡ |29F7/2,mJ = 7/2〉 (see Fig. 1(c)). In this
case, the AC Stark shift for the energy level |2〉 is oppo-
site since ∆S is of opposite sign. In both cases, the EIT
spectra are very similar to those obtained in a three-level
ladder-type configuration. This is indeed expected if the
population in state |3〉 is negligible, which means the S
and M fields form an effective coupling field that opens
a transparency window for the probe light to propagate
through the atomic cloud without absorption.
In order to give a more quantitative interpretation of
our results, we calculate the transmission of the probe
field EP (~r) with Maxwell’s equation. After applying the
slow envelope approximation and neglecting lensing ef-
fects or diffraction [24], Maxwell’s equation simplifies to
∂zEP (~r) = i
π
λP
χ (~r) EP (~r) . (1)
Here χ (~r) is the atomic susceptibility at position ~r =
(x, y, z) in the atomic sample. Since the experiment is
performed with a weak probe intensity, of input peak
Rabi frequency Ω
(0)
P ∼ 2π × 0.4 MHz ≪ Γ, χ may be
simply taken at the first order in ΩP . The susceptibility
for a four-level system then writes at first order [26]
χ4l = i
natΓσ0λP
4π
(
γ12 − i
(
∆P −
Ω2
S
4∆SL13
)
+
Ω2
S
Ω2
M
16∆2
S
L13 (L13 L14+i δ4)
) ,
(2)
where nat is the atomic density, σ0 = 3λ
2
P /2π is the reso-
nant scattering cross-section, γ12 ∼ Γ/2, and L13 and L14
are coefficients that depend on the frequency detunings
and some dephasing rates. Namely, we have L13 = 1 +
(∆P + iγ13) /∆S and L14 = γ14 − i (∆P +∆S + ǫ∆M ),
where γij is the dephasing rate of the atomic coherence
between states |i〉 and |j〉, and where ǫ = −1 for the
31P3/2 state and ǫ = +1 for the 29F7/2 state. The main
source of dephasing for γ13 and γ14 is laser phase noise,
hence they will be considered as constant∼ 2π×100 kHz.
The dashed lines in all the figures represent theoretical
curves calculated with eqs. (1) and (2). All the param-
eters are taken from experimental measurements, while
a slight adjustment of the detunings is still permitted,
within experimental error bars (±0.5 MHz for the op-
tical ones and ±0.2 MHz for the microwave one). The
good agreement with the experiment demonstrates that
our independent four-level atom model captures the main
physics of the system. Resonant dipole-dipole interac-
tions that could occur due to residual occupation of state
|3〉 are thus negligible. Moreover, unwanted σ− transi-
tions have little effect, although one of them does ap-
pear in the 29F7/2 spectra in Fig. 1(c) as a small side
dip. The experimental spectra are slightly asymmetric,
which is not predicted by our model. We have verified
theoretically that optical beam imperfections or a slight
misalignment of the counterpropagating beams create an
inhomogeneous Stark shift of level |2〉, which would be
consistent with the observed asymmetry.
In the limit of large detuning ∆S compared to ∆P ,
∆S + ǫ∆M , γij , δ2, and δ4, (2) reduces in a first approx-
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FIG. 2. Effective coupling Rabi frequency as a function
of input microwave Rabi frequency, retrieved from spectra
acquired as in Fig. 1 (b). The effective Rabi frequencies
(squares) are obtained from fits of eqs. (1) and (3) to the
data, as shown in the inset for the particular case ΩM/2π =
24.8 MHz. The dashed line shows the effective coupling Rabi
frequencies extracted from spectra simulated with the four-
level model and fitted by (3), while the solid line corresponds
to the approximation ΩC = ΩSΩM/2∆S .
imation [27] to
χ4l ≈ i
natΓσ0λP
4π
(
γ12 − i (∆P − δ2) +
Ω2
C
4(γ14−i(∆P+∆C−δ4))
) ,
(3)
where ΩC = ΩSΩM/2∆S is the Rabi frequency of the
effective coupling field, and ∆C = ∆S + ǫ∆M its de-
tuning, as also predicted by the adiabatic elimination
approximation usually applied to describe multi-photon
excitations [28]. (3) corresponds effectively to the sus-
ceptibility of a three-level system, where, however, the
resonances for the P and C fields are shifted by the AC
Stark effect [15]. We use eqs. (1) and (3) with δ2, δ4, ΩC ,
γ14, and n
(0)
at as adjustable parameters to fit the spectra
in Fig. 1(b) and estimate the effective coupling Rabi fre-
quencies ΩC that we achieve with this setup (Fig. 2).
The fits are very good (inset of Fig. 2), and large ΩC
are measured as a function of input microwave Rabi fre-
quency ΩM , up to ΩC/2π ≈ 20 MHz. It appears that
there is a significant departure for large ΩM from the
simple estimate ΩC ∼ ΩSΩM/2∆S (solid line in Fig. 2).
This comes as no surprise when ΩM > ∆S , in which con-
dition some of the approximations used to derive (3) are
no longer valid.
Next, we analyze EIT using a different approach, by
changing ∆M instead of ∆P . The advantages of us-
ing microwave fields are indeed the simplicity and the
stability of the available synthesizers, with the possi-
bility to scan frequencies over very wide ranges. In
Fig. 3(a), we display a few microwave spectra, where ∆M
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FIG. 3. (a) EIT versus microwave field detuning. Typ-
ical spectra obtained for microwave field Rabi frequencies
ΩM/2π = 6.7 MHz (thick red solid line), 24.8 MHz (blue dot-
ted line), and 39.8 MHz (thin black solid line). The dashed
line is the result of Maxwell-Bloch’s equations based on the
four-level model, for the case ΩM/2π = 24.8 MHz. (b) Half
width at half maximum (HWHM) extracted from experimen-
tal spectra (squares), and microwave field detuning ∆M,0 at
the center of the resonance (triangles). The dashed line is
the result of the four-level model, while the solid line corre-
sponds to the quadratic approximation of the AC Stark shift
(see text).
is scanned across the EIT resonance, while we maintain
∆P /2π = 5.3 MHz in order to compensate for the AC
Stark shift. The spectra are symmetric, almost squared
Lorentzian in shape, and agree well with the solution
of eqs. (1) and (2). The frequency shifts and widths of
the resonances are recorded in Fig. 3(b). The frequency
shifts show a quadratic dependence versus ΩM , as ex-
pected from the simple estimate, ∆M,0 = ∆0−Ω
2
M/4∆S,
where ∆0 = ∆P +∆S . This result shows that the mea-
sured AC Stark shifts follow the prediction obtained in
the derivation of (3), even when the effective Rabi fre-
quency does not. The widths of the resonances are also
quadratic versus ΩM , which is expected as it is known
that the EIT linewidths are proportional to Ω2C [15]. Note
that very similar results, not shown here, are obtained for
the 29F7/2 state, up to ΩM = 25 MHz. Contrary to the
31P3/2 case, the weak σ
− transitions become non negligi-
ble for larger ΩM . We have observed that larger ΩM can
be used to yield efficient EIT with the 29F7/2 state when
∆S > 0. However this choice of S-field detuning yields
effective Rabi frequencies that slightly deviate from the
ones expected with our simple four-level picture of the
excitation, and would most likely require a theoretical
description with more energy levels.
In summary, we have demonstrated that microwave
fields can be used to efficiently induce effective three-level
EIT involving nP or nF Rydberg states. The effective
Rabi frequencies, AC Stark shifts, and microwave fre-
4quency bandwidths have been analyzed. This work has
important implication for spectroscopy and could be use-
ful for the detection of Rydberg molecular states [29–32].
Furthermore, three-photon Rydberg EIT corresponds to
the solution found in Ref. [22] for optimizing microwave-
optical conversion based on frequency mixing to reach
near-unit photon conversion efficiencies.
ACKNOWLEDGMENTS
The authors acknowledge the support by the National
Research Foundation, Prime Ministers Office, Singapore
and the Ministry of Education, Singapore under the Re-
search Centres of Excellence programme. This work is
supported by Singapore Ministry of Education Academic
Research Fund Tier 2 (Grant No. MOE2015-T2-1-085).
[1] J. D. Pritchard, D. Maxwell, A. Gauguet, K. J. Weath-
erill, M. P. A. Jones, and C. S. Adams, Phys. Rev. Lett.
105, 193603 (2010).
[2] O. Firstenberg, C. S. Adams, and S. Hofferberth, J. Phys.
B 49, 152003 (2016).
[3] Y. O. Dudin and A. Kuzmich, Science 336, 887 (2012).
[4] T. Peyronel, O. Firstenberg, Q.-Y. Liang, S. Hofferberth,
A. V. Gorshkov, T. Pohl, M. D. Lukin, and V. Vuletic´,
Nature 488, 57 (2012).
[5] O. Firstenberg, T. Peyronel, Q.-Y. Liang, A. V. Gor-
shkov, M. D. Lukin, and V. Vuletic´, Nature 502, 71
(2013).
[6] D. Tiarks, S. Schmidt, G. Rempe, and S. Du¨rr, Sci. Adv.
2, e1600036 (2016).
[7] H. Busche, P. Huillery, S. W. Ball, T. Ilieva, M. P. A.
Jones, and C. S. Adams, Nat. Phys. 13, 655 (2017).
[8] G. Gu¨nter, H. Schempp, M. Robert-de Saint-Vincent,
V. Gavryusev, S. Helmrich, C. S. Hofmann, S. Whitlock,
and M. Weidemu¨ller, Science 342, 954 (2013).
[9] J. Grimmel, M. Mack, F. Karlewski, F. Jessen, M. Rein-
schmidt, N. Sa´ndor, and J. Forta´gh, New. J. Phys. 17,
053005 (2015).
[10] I. Mirgorodskiy, F. Christaller, C. Braun, A. Paris-
Mandoki, C. Tresp, and S. Hofferberth, Phys. Rev. A
96, 011402 (2017).
[11] K. S. Chan, M. Siercke, C. Hufnagel, and R. Dumke,
Phys. Rev. Lett. 112, 026101 (2014).
[12] J. A. Sedlacek, A. Schwettmann, H. Ku¨bler, and J. P.
Shaffer, Phys. Rev. Lett. 111, 063001 (2013).
[13] J. A. Sedlacek, A. Schwettmann, H. Ku¨bler, R. Lo¨w,
T. Pfau, and J. P. Shaffer, Nat. Phys. 8, 819 (2012).
[14] M. T. Simons, J. A. Gordon, C. L. Holloway, D. A. An-
derson, S. A. Miller, and G. Raithel, Appl. Phys. Lett.
108, 174101 (2016).
[15] M. Fleischhauer, A. Imamogˇlu, and J. P. Marangos, Rev.
Mod. Phys. 77, 633 (2005).
[16] K. J. Weatherill, J. D. Pritchard, R. P. Abel, M. G. Ba-
son, A. K. Mohapatra, and C. S. Adams, J. Phys. B 41,
201002 (2008).
[17] M. Mack, F. Karlewski, H. Hattermann, S. Ho¨ckh,
F. Jessen, D. Cano, and J. Forta´gh, Phys. Rev. A 83,
052515 (2011).
[18] M. Tanasittikosol, J. D. Pritchard, D. Maxwell, A. Gau-
guet, K. J. Weatherill, R. M. Potvliege, and C. S. Adams,
J. Phys. B 44, 184020 (2011).
[19] T. F. Gallagher, Rydberg Atoms (Cambridge University
Press, Cambridge, 1994).
[20] D. A. Tate and T. F. Gallagher, arXiv preprint
arXiv:1801.02694 (2018).
[21] C. H. Greene, A. S. Dickinson, and H. R. Sadeghpour,
Phys. Rev. Lett. 85, 2458 (2000).
[22] M. Kiffner, A. Feizpour, K. T. Kaczmarek, D. Jaksch,
and J. Nunn, New. J. Phys. 18, 093030 (2016).
[23] J. Han, T. Vogt, C. Gross, D. Jaksch, M. Kiffner, and
W. Li, arXiv preprint arXiv:1701.07969v2, accepted for
publication in Phys. Rev. Lett. (2017).
[24] J. Han, T. Vogt, M. Manjappa, R. Guo, M. Kiffner, and
W. Li, Phys. Rev. A 92, 063824 (2015).
[25] These σ− transitions include |31P3/2,mJ = 3/2〉 →
|30D3/2 ,mJ = 1/2〉 for the 31P3/2 case, and |3〉 →
|29F7/2, mJ = 3/2〉 and |3〉 → |29F5/2,mJ = 3/2〉 for
the 29F7/2 case. They are red-shifted by ∼ 20 MHz com-
pared to the σ+ transitions of interest, mostly due to
Zeeman effect. Choosing ∆M > 0 only ensures that there
are further off-resonance.
[26] S. Sandhya and K. Sharma, Phys. Rev. A 55, 2155
(1997).
[27] This approximation corresponds to taking L13 ≈ 1 in (3).
One can show, by going to second order in the series ex-
pansion and linearizing around ∆P = δ2, that the general
form of (3) versus ∆P remains the same, with modified
parameters δ2, δ4, γ14, ΩC , and Γ.
[28] V. Paulisch, H. Rui, H. K. Ng, and B.-G. Englert, Eur.
Phys. J. Plus 129, 12 (2014).
[29] W. Li, T. Pohl, J. M. Rost, S. T. Rittenhouse, H. R.
Sadeghpour, J. Nipper, B. Butscher, J. B. Balewski,
V. Bendkowsky, R. Lo¨w et al., Science 334, 1110 (2011).
[30] D. Booth, S. T. Rittenhouse, J. Yang, H. R. Sadeghpour,
and J. P. Shaffer, Science 348, 99 (2015).
[31] Y. Yu, H. Park, and T. F. Gallagher, Phys. Rev. Lett.
111, 173001 (2013).
[32] H. Saßmannshausen and J. Deiglmayr, Phys. Rev. Lett.
117, 083401 (2016).
